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Chapter 1: Introduction
1.1: History
Hypergolic bipropellants are defined as fuel and oxidizer combinations that, upon
contact, chemically react and release enough heat from these reactions to spontaneously ignite.
Nitric acid and oxides of nitrogen are used as the oxidizer. The fuels are organic compounds
including the following: amines, heterocyclic compounds, and polyatomic phenols.

The discovery of hypergolicity occurred in Germany around 1937 [1]. The German
researchers tested hypergolic combinations extensively during World War II. After the war
ended, research on hypergolic bipropellants spread to other countries. In the 1950s, interest in
hypergolic combinations grew as knowledge of their high performance, high density, and long
term storability spread. These attributes resulted in rocket engines that were less complex, less
expensive, and more reliable than their non-hypergolic counterparts. The spontaneous ignition
of the fuel and oxidizer negates the need for an ignition source. Controlling the flowrate of the
fuel and oxidizer gives the ability to make in flight adjustments, which cannot be accomplished
with solid rocket engines.

The high density of these fuels and oxidizers results in propellant tanks that are much
smaller than combinations that use liquid H2, which has extremely low density. The high density
also makes it practical to use tank pressure to feed the propellants to the engine. The heavy,
complex pumps required to feed liquid H2 to the engine are eliminated for hypergolic
combinations.
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Long term storability is a tremendous benefit for any propellant combination. Hypergolic
combinations can be stored for several years in a liquid phase at standard temperature and
pressure conditions. O2 and H2 are both gaseous at standard temperatures and must be
supercooled to achieve a liquid state. Due to the last minute fueling of cryogenic liquids, these
propellants have small launch windows. If vehicle launch is delayed, these propellants must be
removed from the launch vehicle and then reloaded for the next appropriate launch window.
This problem does not exist for hypergolic bipropellants in use today.

Handling is greatly simplified by the storability of the propellants, but it is complicated
by their extreme toxic nature. The propellants are very hazardous to humans and the
environment, and this toxicity requires expensive and time consuming precautions during the
handling of these reactants [2] [3].

The specific impulse (Isp) of propellants is the amount of energy used and defined as
thrust per unit mass. Actual performance measurements for hypergolic combinations range from
280-334 seconds, which compares favorably to other liquid bipropellants and solid propellants.
One exception is liquid O2/H2 engines which have Isp values of over 400 seconds. Again, a
drawback to the liquid O2/H2 combination is their low density and cryogenic nature.

In 1962 Titan 2 became the first major U. S. launch vehicle to use a hypergolic
propulsion system. The fuel was A50; a blend of 50% anhydrous hydrazine (AH) and 50%
unsymmetrical dimethylhydrazine (UDMH) developed by Aerojet called Aerozine. The oxidizer
was nitrogen tetroxide, (N2O4, NTO).
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The Gemini program used the same propellant combination and featured improved
engine stability over its predecessor. Table 1.1 lists information on oxidizer/fuel combination,
thrust, oxidizer to fuel (O/F) ratio, and specific impulse for several major hypergolic engines,
including those used in the Gemini program [1].

China was also active in research and testing during the same period of time as the United
States. The Long March rockets resulted from their efforts. These rockets use UDMH as the
fuel along with either NTO or IRFNA-27 (27% N2O4, 1.5% H2O, and 71.5% Nitric Acid) as the
oxidizer.

The Apollo program was heavily dependent upon hypergolic combinations. The service
module that first orbited the moon and later returned the astronauts to the earth used a single
hypergolic engine. The lunar excursion module that landed the astronauts on the moon used one
engine for descent to the surface, and one engine to return to the service module. Data on these
engines are also listed in Table 1.1.

The Ariane launch program was developed in France with the first launch in 1979. It is
now the main launch vehicle of the European Space Agency. Ariane 5, the newest member of
the Ariane launch vehicles, uses a hypergolic combination in the second stage engine.
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Table 1.1: Performance data on some of the engines that use hypergolic bipropellants [1]

NTO/A50
NTO/A50

Thrust
(N)
956,320
444,800

Mixture
ratio (O:F)
2
1.8

Isp
(seconds)
287
315

NTO/A50

91,184

1.6

311

NTO/A50

44,480

1.6

304

NTO/A50

15,568

1.6

309

NTO/UDMH

696,500

2.21

263

253,000

2.61

245

27,500

-

-

3,870

1.6

281

26,688

1.65

316

Engine

Oxidizer/Fuel

Gemini 1st stage
Gemini 2nd stage
Apollo Service
Module
Apollo LEM
Descent
Apollo LEM Ascent
Long March 3 FY20
Long March 1 YF-1

IRFNA27/UDMH
NTO/MMH

Ariane 5 2nd stage
Space Shuttle
NTO/MMH
PRCS
Space Shuttle OME NTO/MMH

The Space Shuttle Program was one of the most recognizable users of hypergolic
reactants. NTO was again the oxidizer and monomethylhydrazine (MMH) was the fuel for its
bipropellant engines. The primary reaction control system (PRCS) thrusters provide control for
the Space Shuttle during ascent and descent. These engines also performed subtle maneuvering
on-orbit. The more powerful orbital maneuvering engine (OME) was used to perform orbit
changes when necessary, and it also provided the thrust to achieve re-entry into the atmosphere.
Again, specifications on the engines are in Table 1.1.

The programs mentioned above are the most visible representatives of hypergolic
bipropellant technology. Most current unmanned launch vehicles and orbiting satellites use
hypergolic combinations for at least part of their thrust requirements.
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1.2: Background
Hydrazine and its derivatives have been the most widely used hypergolic fuels and have
been studied extensively. The effects of temperature, fuel composition and O/F ratio for these
compounds have been determined in previous works [4] [5] [6]. The chemical delay time (CDT)
is a measure of the kinetic performance and follows an Arrhenius relationship explained in detail
by Fogler [7] and initially applied to hypergolics by Frisby et. al. [6].

−𝐸𝑎

𝐶𝐷𝑇 = 𝐴 ∙ 𝑒 ( 𝑅∙𝑇 )

(1)

Equation (1) shows the Arrhenius relationship of the CDT as a function of temperature.
Measuring the CDT’s across a known temperature range can give the activation energy (Ea) and
the reaction constant (A). R refers to the gas constant. Dasarathy et. al., [4] determined these
parameters for AH and MMH fuels with RFNA-24 as the oxidizer. These kinetic parameters can
then be used to generate a predictive model of the temperature profile of the reaction. The
predictive models are plotted along with the measured values in for AH and MMH in Figure 1.1
and Figure 1.2 respectively.

5

Figure 1.1: Temperature profile for AH [4]

Figure 1.2: Temperature profile for MMH [4]
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The difference in the hypergolic performance between MMH and AH reacted with
RFNA-24 indicates that fuel used has a significant role on the CDT. For hydrazine compounds,
this can be compared as the ratio of carbon atoms to nitrogen atoms (C/N). The C/N ratio can be
adjusted by mixing different hydrazine compounds. Smith et. al., mixed AH, MMH and UDMH
to different C/N ratios across and range of 0 to 1, the results are shown in Figure 1.3. The trend
line in Figure 1.3 shows that the CDT’s of the hydrazine mixtures closely resemble the CDT of
the pure components at the same C/N. The fastest CDT occurs at a C/N ratio 0.5, showing that
carbon contributes in the rate determining step of the reaction. Too much carbon will interfere in
the reaction mechanism and inhibit the reaction.

Figure 1.3: Comparison of CDT with different C/N ratios [8]
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Another vital parameter in hypergolic performance is the O/F ratio. The inverse of O/F
(F/O) is also used in certain applications, especially when the ratio of fuel is greater in order to
have an integer value for the ratio. These ratios are ambiguous when it comes to what ratio they
represent. They can possibly represent volumetric, molar or mass ratios and will be specified
whenever data is presented. Smith et. al., performed a study on the effects of F/O for an AH vs
RFNA-24 system. It was found that higher F/O ratios gave a higher CDT. Equation (1) shows
that the CDT is independent of F/O ratios. Explosive reactions do not depend on concentration
like most chemical reactions do. Brown et. al., was the first to apply this concept to hypergolic
bipropellants [9]. The F/O does affect the CDT, but this is primarily due to constraints imposed
by heat and mass transfer limitations.

Figure 1.4: Effect of F/O on the CDT of AH [10]
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Hampton et. al., conducted experiments to determine the effect of oxygen presence due to
atmospheric conditions [11]. The oxygen in atmospheric air was determined to increase the
CDT. Oxygenation of hydrazines was investigated further by mixing methanol (CH3OH) into
the fuel [12]. The addition of methanol was found to lower the CDT of MMH when the mole
percent was kept below 25%. Another benefit of this mixture is a reduced toxicity compared to
pure MMH.

Figure 1.5: CDT measurements for MMH/methanol mixtures [12]

1.3: Hypergolic Testing and Measurement Methods
One important measure of the performance for a hypergolic fuel and oxidizer
combination is the length of time between droplet contact and the appearance of a flame. This is
designated as the ignition delay time (IDT) in the literature and is measured in milliseconds [13].
9

In liquid propellant rockets, the ignition process is required to establish smooth, steady
state combustion. If the ignition delay is too long, then an over accumulation of the propellants
occurs in the combustion chamber. Upon ignition, the excess of propellants will cause a large
pressure spike that may damage or destroy the engine and is referred to as a hard start. If an
appropriate ignition delay is obtained, a smooth start will result, and steady state combustion can
quickly be established. Appropriate ignition delays will fall below some maximum allowable
value, generally 30-50 milliseconds [14]. This will vary based upon the design and requirements
of the engine.

Diagnostic techniques that measure ignition delay times of hypergolic bipropellants are
normally classified into a few distinct types. Drop tests are techniques that drop one reactant
from a set height into a stationary quantity of the second reactant. Mixing tests are techniques
that use a method to enhance mixing of the reactant combinations. Impinging jet techniques are
tests that use separate fuel and oxidizer injectors to enhance the mixing rate and simulate engine
conditions. Also, a few small-scale rocket engines have been equipped to measure ignition delay
times. A typical example of a drop test technique was performed by Broatch [15] and is shown
in Figure 1.6. In this setup, a light beam was focused on a photocell a set distance above the
organic fuel located in a crucible. The oxidizer, in a stream of droplets of varying size, broke the
light beam as it fell into the fuel. These droplets contacted the fuel at varying times, with the
initial droplet being the reference for the ignition delay measurement. A photocell ended the
measurement when it sensed the appearance of a flame. The time between these two events
defined the ignition delay for the hypergolic bipropellant. Since the droplets entered the oxidizer
at varying times, the ignition delay was not well defined. In addition, this meant that the oxidizer
to fuel ratio could not be defined by Broatch’s technique.
10

Figure 1.6: Drop test apparatus [15]

The most important variable to manage in drop-on-drop experiments, that are central to
the laser diagnostic technique, is droplet size. The importance of droplet size was reviewed by
Schmidt [2]. From Figure 1.7, Schmidt suggests that droplet size selection should be kept in the
linear region. However, very small droplets are difficult to reproduce increasing the
experimental error, but smaller droplets approach the bipropellant model. Based on average
droplet volumes the average droplet diameter for drop-on-drop experiments conducted with the
laser diagnostic system was 1.2 mm (0.12 cm). This average droplet size is plotted in Figure 1.2,
shown with an arrow, relative to the results reported by Schmidt and is very close to that required
11

for the bipropellant model. Small droplets are said to remain in the evaporative or kinetic
controlled mode, whereas large droplets are subject to diffusion-controlled combustion. Thus,
for controlled drop on drop experiments smaller drops that remain in the evaporative or kinetic
controlled mode are preferred.
Figure 1.7: Bipropellant Model for Combustion [2]

If the droplets impact at the correct energy they must mix to chemically react. This
mixing typically forms a vortex ring as described by Dooley et. al., [16]. They performed an
excellent series of experiments of drop on drop fluid mixing. They collected high speed
photographs of laser excited fluoresce of water droplets, one with and one without a fluorescent
dye as shown in Figure 1.8. They detected and subsequently modeled vortex rings generated
during the coalescence of a water droplet at a free water surface.
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Figure 1.8: Vortex ring generation [16]

This vortex ring mixes the acid and base in a violent reaction front that can locally alter
the oxidizer to fuel ratio producing a host of transport phenomena if the droplet dynamics are not
considered, including: popping, film boiling, micro-explosions, liquid ejection, and splashing.
These phenomena were researched by Farmer [17] and Mays [18]. As the drop-on-drop
13

technique advanced with greater impact and droplet size control more reproducible results were
obtained.

Due to vortex ring formation, at high oxidizer to fuel ratios, the size of the pool will selflimit the combustion due to mass transfer limitations along the free surface of the reactive media.
The excess fuel or oxidizer outside the ring will remain within the combustor. This was
confirmed experimentally, when an additional drop of fuel was added to the combustor after an
initial experiment at high oxidizer/fuel ratios without adding additional oxidizer. A flame
consistently formed when the oxidizer/fuel ratio exceeded approximately 3. In essence, the
vortex ring creates a micro reactor within the oxidizer pool. The vortex ring constrains the fuel
droplet resulting in burning in the central region of the pool. What is not shown in Figure 3 is
that the combustion front is not only controlled by vortex ring mixing, but also by the total
external contact area of the drop, depth of the oxidizer pool, and density differences between the
fuel and oxidizer that alters the impact inertia of the drop on the liquid pool. The strength of the
droplet is controlled by the surface tension and contact angle between the two reactants.

The combustor geometry used to measure data in early research may have contributed to
the problem of vortex ring confinement [17] [18]. Measurements of the droplet size and the
resulting vortex ring size permitted the design of several drop test combustors of smaller
diameter and greater depth to better confine the lead component and minimize droplet dynamic
effects, thus increasing the mixing rate.

An increase in the depth of the pool improves impact mixing and prevents burn out in the
core. A benefit of these revised designs is the reduction of the free surface of the lead
component that reduces the degree of evaporative losses from the pool. The careful control of
14

droplet size, impact energy and pool size provided control of the fuel to oxidizer ratio in dropon-drop experiments.

The culmination of previous works led to the advanced laser diagnostic technique used
today. The modern system gives the ability to measure the CDT; accompanied with precise drop
sizes results in a more comprehensive analysis on the performance hypergolic reactions. An
example of the data acquired in experimentation is provided in Figure 1.9.

A

B

C

D

Figure 1.9: Example of CDT raw data

Point A in is the moment at which the drop initially cuts the laser beam and triggers the
timer. Point B marks the time that the drop has finished passing through the laser beam. Point C
is the time at which vapor rises from the combustor and passes through the laser beam. Point D
is the point that a combustion occurs and triggers the flame detector.
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The IDT measured in previous works is shown as point A to point D in Figure 1.9, and
the CDT is point C to point D. The process of measuring the IDT leaves out the time required
for liquid mixture to produce reactive intermediates which result in combustion. This is known
as the liquid reaction time (LRT) and represents point B to point C. The LRT can be represented
in terms of the IDT and CDT as shown in Equation (2).

𝐿𝑅𝑇 = 𝐼𝐷𝑇 − 𝐶𝐷𝑇

(2)

The LRT can be used to determine the effects of vortex rings previously discussed by
Dooley et. al. [16]. A long LRT could represent too large of a drop and poor mixing. The LRT
can also be used to determine reactive intermediates when the hypergolic system is tested across
a range of parameters. The pre-ignition reactions occur during the LRT which produce a vapor
phase compound that degrades explosively. The explosive intermediate produced can be
determined with the use of a sacrificial thermocouple. The temperature measured by the
thermocouple at which vapor appears and the flame is produced can be compared to the
decomposition temperature of possible reactive intermediates. Figure 1.10 shows an example of
the thermocouple readings superimposed on the oscilloscope readings performed by Brown et.
al. [9].
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Figure 1.10: Sacrificial thermocouple readings for AH [9]

Point A to point B is the time it takes for the drop transverse the narrow laser beam and
fall into the combustor. If this period is not parabolic in shape; then the drop did not enter the
combustor center and will compromise the O/F. Drop tests are a simple method of testing
hypergolic reactions, with modern techniques it is now possible to obtain comprehensive kinetic
data that could not be achieved with previous techniques.

1.4: Research Objectives
A disadvantage of hydrazine derivatives is the acute toxicity of these compounds, which
makes them unusable for certain applications. 1,4-dimetylpiperazine (1,4-DMP) reacts
hypergolically with RFNA-24 and is not as hazardous as the hydrazine derivatives. 1,4-DMP is
not a widely used chemical, so extensive toxicology studies have not yet been performed. Table
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1.2 compares properties of 1,4-DMP and hydrazine derivatives. The information in the table was
acquired for Sigma Aldrich material safety data sheets (MSDS). The Globally Harmonized
System of Classification and Labeling (GHS) classifies AH and MMH as acutely toxic and
carcinogenic. 1,4-DMP does not have any of these GHS classifications. 1,4-DMP also has a
lower vapor pressure than the hydrazine derivatives, which would mitigate the risks of harmful
vapors in the event of a spill.

Table 1.2: Hazardous properties of hypergolic fuels
NFPA Rating
Chemical
1,4-DMP
AH
MMH

Health Flammability Reactivity
3
3
0
4
4
3
4
3
0

Vapor Pressure at
25 °C (psi)
84
112
558

1,4-DMP has been known to react hypergolically [10] [19] and shows potential as a green
alternative rocket fuel. Liu et. al., [19] proposed mechanisms for compounds similar to 1,4DMP. A kinetic analysis has yet to be accomplished on this compound, which will be necessary
to determine if 1,4-DMP can be used as a rocket fuel.

Previous research has led to the development of the advanced laser diagnostic system and
provided an understanding of the hypergolic combustion mechanism. This method has been
used to measure the hypergolic performance of fuels that are derivatives of hydrazine. The acute
toxicity of hydrazine and its derivatives render it infeasible for certain applications. The purpose
of this thesis is to investigate the viability of a safer alternative, 1,4-DMP. RFNA-24 was used
as the oxidizer to maintain a consistency between this work and previous works. The
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atmospheric conditions and temperatures were also held at the same conditions that hydrazine
derivatives were tested at. Two mixtures of RFNA were used to determine the role of NTO in
the reaction.

The research conducted provided the following:

1. A kinetic model for the reactivity of 1,4-DMP as a function of temperature
2. The effect of O/F ratios on the reactivity of 1,4-DMP
3. The effect of NTO on the reactivity of 1,4-DMP
4. How the addition of methanol effects the reactivity
5. An insight of the hypergolic reactivity potential of DMP isomers
6. Proposition of pre-ignition reactive intermediates from analysis of previous works
and acquired data
7. A direct comparison of the hypergolic performance of 1,4-DMP versus hydrazine
derivatives

19

Chapter 2: Equipment
2.1: Hypergolic Reaction Components
Red fuming nitric acid was provided by Sigma Aldrich Chemical Company (Sigma) at
compositions of 5-10% NTO (RFNA-10) and 12-24% NTO (RFNA-24). The remaining percent
of the mixtures were nitric acid. Dinitrogen tetroxide can thermally decompose into nitrogen
dioxide (NO2) at room temperature, so both RFNA compounds were stored in a fridge below
32°F. RFNA was allowed to reach thermal equilibrium with the atmosphere before testing.
Dimethylpiperazine was provided at 98% from Sigma. Two DMP isomers were provided, 1,4DMP and 2,6-DMP and used in this research. Both fuels are stable at room temperature but were
stored in a fume hood away from the oxidizers as a precaution. Sodium hydroxide (NaOH) was
used to clean the heated combustor after each experiment. It was supplied by Fisher Scientific in
a 50% aqueous solution and then diluted to 12.5% with distilled water. Methanol was added to
1,4-DMP for reactivity testing and was supplied at 98% from Sigma. The chemical structures of
the fuels and the components of the oxidizers are shown in Figure 2.1.
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Figure 2.1: Structure of (a) nitric acid (b) dinitrogen tetroxide
(c) 1,4-dimethylpiperazine (d) 2,6-dimethylpiperazine

2.2: Laboratory Hardware
Both the fuel and the oxidizer were delivered to the reactor via Hamilton Gastight
syringes. A 25µL (0.025mL) syringe was typically used for the fuel. The small volume of the
syringe made it possible to deliver precise amounts of fuel. The oxidizer was drawn into a
250µL (0.25mL) syringe. The syringe was then placed into a Cole Parmer 74900 syringe pump
to ensure the same precision as the smaller syringe providing the fuel. Both syringes had LuerLok® terminal ends, rendering the custom needles removable. The removable needles make it
possible to clean and replace the needles, which is necessary due to the corrosive nature of the
chemicals used. All needles were 26-gauge and grinded to a fine point to minimize the drop
size. A four-inch standard needle was used to draw and deliver the fuel. The oxidizer was also
drawn with a four-inch needle, but the use of the syringe pump required that the oxidizer be
21

delivered through a custom made four-foot long needle. Needles of this length are unobtainable
through ordinary suppliers, they had to be custom fabricated by Hamilton Company.

2.3: Combustion Chamber
The testing was performed inside a stainless-steel combustion chamber that was custom
fabricated for this research. Figure 2.2 shows the layout of the combustion chamber. Eight side
flanges were machined onto the chamber to support a wide range of equipment. The flanges
were used as windows for laser excitation and phototransistors. A linear positioner was attached
to one of the flanges to support and make alignment adjustments to the combustor.

Figure 2.2 Top view of combustion chamber

An arm with a hollow ceramic tube was attached to the top of the chamber and housed
the needle used to deliver the oxidizer. The position of the arm was adjustable to ensure that the
drop lands in the center of the combustor. The combustion chamber was position on a custom
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adjustable mount to ensure that the chamber is level and aligned with the diagnostic equipment.
Photographs of the needle housing and reactor mount are shown in Figure 2.3.

Figure 2.3: Photograph of (a) adjustable needle housing
(b) combustion chamber mounting system

A heated ceramic combustor was used for the research so the temperature could be
adjusted. The combustor setup is shown in Figure 2.4 and a photograph is provided in Figure 2.5
consisted of a ceramic bowl approximately 25mm in diameter cemented to a 25mm piece of
ceramic tubing that was custom machined at 12 threads per inch [5]. Into these threads, three
strands of Pt-Rd resistive wire were wound and covered with insulating cement. The resistive
wire in the combustor is connected by copper lead wires to a 6-volt power supply. The thickness
of the resistive wire was used to limit the maximum current to approximately 2 amps. The
available power produced a preheat temperature ranging from room temperature to
approximately 650˚F. The temperature of this combustor platform was changed by adjusting the
voltage from the power supply. The ends of the extension wires are covered with a ceramic tube
to prevent contact with corrosive chemicals. A second ceramic tube 3.175mm in diameter was
cemented inside the threaded tube to the flattened surface of the ceramic bowl. An exposed
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open-junction Type J thermocouple was secured inside the 3.175mm diameter tubing to record
the temperature of the preheated combustor and liquid reactants. The height of the heated
ceramic combustor was adjusted to the alignment of the laser to maintain the same
configurations as the original stainless steel version used in previous studies [20] [18] with
further details on this heated stage found elsewhere [5].

Oxidizer

Window

Window
Droplet

Phototransistor
Laser
Beam
Fuel

Pinhole
+

Mount
70 to 650˚F

-

Thermocouple

Figure 2.4: Combustor schematic
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Figure 2.5: Photograph of combustion chamber

2.4: System Configuration
The basic laser diagnostic system described in earlier reports [17] [18] has been updated
for the use in experimentation described in this thesis. Figure 2.6 shows a schematic of the
current laser diagnostic system. This apparatus is comprised of a combustion chamber, a Digital
Storage Oscilloscope (DSO) with high speed TTL level trigger and two high speed
phototransistors, which can be triggered by the DSO.
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Figure 2.6: Schematic of laser diagnostic system

The diagnostic source of these measurements is a fan cooled, continuous wave, diode
pumped solid state (DPSS) laser. The beam was positioned directly above the combustor along
its horizontal center. The beam intensity is read by Detector 1 which is a high speed NPN
phototransistor (Model NTE3032) supplied by NTE with a rise time of 2-microseconds. This
detector contains a 200m pinhole to focus light, and when in use the detector alignment is
adjusted to its maximum reading then adjusted close to the point where interference occurs. This
provides the ideal placement along the combustor and assures sensitivity to vapor produced by
the reaction. Detector 2, a phototransistor (Model PNA1801) was supplied by Panasonic; it has a
26

rise time of 4 microseconds, a spectral band pass ranging from 500 to 1150 nm, and can operate
at voltages of 30VDC. It is set to sense the combustion over a range of frequencies from near IR
to UV occurring in a controlled volume above the combustor. It utilizes a filter designed to filter
out light at 514 nm to eliminate any scattered light from the laser. Detector 2 measures flame
intensity after the droplet breaks the beam triggering Detector 1.

Signals from both detectors are recorded to a digital storage oscilloscope (DS0) for
analysis. The DSO is a Tektronix model TDS 1504. It contains true TTL capability and has an
average reported trigger delay of 50.8 nanoseconds with a standard deviation of 1.33
nanoseconds [20]. The oscilloscope data was analyzed using Wavestar software to measure the
CDT.
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Chapter 3: Experimental Procedure
3.1: Safety
Because of the toxicity of the compounds used in experimentation, various measures were
taken in order to ensure the utmost safety was achieved. Three main hoods are present in the
working area: one over the reaction chamber, another located further down the work table to
capture fumes of oxidizers, and another in the corner of the lab for housing fuels such as anhydrous
hydrazine.

The compounds themselves were housed in two entirely separate refrigerators.

Oxidizers were kept in one refrigerator while fuels are kept in another refrigerator. This ensures
that no interaction takes place between the two without intent.

While conducting experiments, the syringes containing oxidizer were kept on the opposite
of the reactor from those containing the fuels. This, again, prevents interaction of the compounds
outside of the chamber. The syringes containing opposing compounds were never handled at the
same time, and were only attached to the 4 ft long, custom hypodermic needles under the fume
hood above the reactor. The amount of each substance allowed in a given syringe was calculated
using Occupational Safety and Health Administration (OSHA) Permissible 8-Hour Exposure
Limits (PEL) standards for each compound given the volume of the room and specific guidelines
per compound. The limits given were divided by four to provide an even higher safety factor in
case a dropped syringe was broken. For example, the PEL for AH was listed at 1.3 mg/ m3. This
value was multiplied by the volume of the room, 315 m3, to give the amount of reagent acceptable
in mg. This mass was then divided by the density of AH, which was 0.79 g/mL. Attained from
this calculation was the maximum exposure limit, 0.40 mL, which was then divided by the safety
factor of four to give a working limit of 0.10 mL. Fortunately, the syringes used at any time during
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testing typically were less than any of the exposure limits. Thus, the safety factor was enhanced
beyond the requirements of both the OSHA PEL and instructed lab standard of a 4.0 safety factor.
The summarization of the calculations for this section is displayed in the following table.

Table 3.1: Safety information for compounds used during experimentation
Compounds
AH
UDMH
RFNA

OSHA PEL
(ppm)

OSHA PEL
(mg/m3)

Maximum
Volume (mL)

Working
Volume (mL)

1
0.5
2

1.3
1
5

0.405
0.404
1.05

0.1
0.1
0.25

While in the lab, additional measures were taken to comply with safety protocol. While in
the lab, lab coats were worn at all times to prevent contamination of any garments worn. Further,
the coats were kept inside of the lab to ensure any potential contamination encountered in the lab
was not allowed outside of the lab into the rest of the building. MICROFELX® NeoPro® nonlatex examination gloves were worn when handling any compound containers or syringes. Safety
goggles were worn at all times to safeguard against any compounds released during the reaction.
In addition, a translucent, plastic plate was placed over a portion of the chamber to act as a primary
defense for any releases from the reaction.

After each and every trial, a sodium hydroxide solution (5-wt%) was used to neutralize any
unreacted compounds inside of the reactor. The solution was prepared by calculating the required
amount of solid NaOH achieving a 5-wt% in 150mL of water. Taking the accepted value of 1
g/mL density for water, this volume was converted to a mass. Using algebra, the amount of NaOH
required to achieve the desired percentage was determined to be 8.72g. In the first batch created,
the actual percentage achieved in preparing the solution was 4.86%, which was efficient in
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neutralizing residual compounds. Batches created vary, however, all hovered around the 5-wt%
benchmark. The solution was also used to clean any needles and syringes at the end of the day or
when moving to a different compound. Afterwards, water was used to flush the needle or syringe,
followed by using air to dry. In the event of a broken syringe or spill, the solution was used to
neutralize the hazardous material before cleaning. At the end of each work period, trash containing
materials used to clean the reactor or equipment is immediately disposed of to prevent exposure to
harmful vapors. All safety measures were followed strictly to promote a safe work environment
as well as to prevent contamination and maintain the integrity of the results from experimentation.

3.2: Preparation and Maintenance
The first step in preparation was to ensure the reactor was level and aligned with the two
detectors. A bubble level was placed on the reactor and the feet of the mount were adjusted until
level. A laser level then projected a horizontal line on the window of the flange opposite of
detector 2. The position of detector 2 was adjusted until the horizontal laser beam went across
the center of the detector. The combustor inside the chamber was centered and leveled. A small
lightbulb was placed in the combustor to ensure that detector would trigger when a flame
appeared in the crucible of the combustor as depicted in Figure 3.1. The laser positon was then
adjusted so that it passed directly over the center of the combustor. The alignment of Detector 1
was adjusted to capture the laser. This was easily tested by viewing the intensity level on the
DSO. The oxidizer delivering needled was adjusted so that the drop would pass directly through
the laser and land in the center of the crucible. This was verified by delivering a drop and
observing the reading on the DSO. If the drop is properly aligned, it will give a data set the same
shape as point A to point B in Figure 1.9.
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Figure 3.1: Photograph of lightbulb method for flame detector calibration

The alignment of the detectors was checked every day before doing any experiments to
ensure accurate measurements. Figure 3.2 shows the readings on the DSO that are expected
when the components of the reactor are aligned. The top and bottom lines in Figure 3.2 (a) are
the signals for Detector 1 and Detector 2 respectively. Figure 3.2 (a) – (c) are viewed in real
time with the DSO in continuous mode, while Figure 3.2 (d) is a data displayed after the DSO is
triggered.
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Figure 3.2: DSO outputs for (a) no signals, (b) laser on, (c) lightbulb in combustor, (d) drop test

Figure 3.2 (a) is the reading when the oscilloscope is operating with the laser off and no
light source in the combustor. The accuracy of the origins and scales are checked at this point.
The vertical positon of the signals should be as they are in Figure 3.2 (a). If a large amount of
noise is present, then the scale should be adjusted.

Figure 3.2 (b) is the reading when the laser is turned on. The signal for channel should be
close to the top of the chart to give a maximum range of beam intensity and channel 2 should
remain at its origin.
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Figure 3.2 (c) is the DSO reading when the light bulb is placed in the combustor. The
signal for Detector 2 is not visible because the intensity of the signal is higher than the scale of
the chart. The high intensity of the signal maximizes the sensitivity of the flame detector, so
even the smallest flame can be detected. The brightness of the lightbulb can be reduced so that
the signal appears on the chart and fine adjustments can be made. The position of channel 1
must be at its origin in Figure 3.2 (c).

Figure 3.2 (d) is the expected result of sending a drop through the syringe pump into the
combustor and is the only test in which the trigger is activated. The drop should pass through the
beam and yield a negative peak that is parabolic in shape. If the shape is distorted, then the
needle is delivering nonsingular drops or the center of the drop is not passing through the laser
beam. The peak should reach a minimum that is close to the origin for channel 1. A smaller
peak would signify less sensitivity, potentially causing Detector 1 failing to read the presence of
the vapor produced. The red triangle on the top of the horizontal axis of the chart is the point at
which the trigger is activated, and the time is equal to zero. The beginning of the peak should
occur at this point. If the peak is not aligned with the triangle, then the scale of the horizontal
axis and the point at which the trigger is activated should be adjusted.

The needles used in the experiments had to be maintained and replaced periodically due
to the corrosive nature of the compounds used. After every use, the needles were purged with
syringes full of air until no observable of liquid was present in the needle. All new needles had
their drop sizes calibrated before use. The calibration was acquired by placing 10 drops into a
closed container and then weighed. The density of the fluid was measured on sight to avoid
relying on third party measurements. If the drops were too large, the tip of the needle was
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grinded to a finer point. The oxidizer needles underwent the necessary modifications to deliver a
consistent 6µL drop.

3.3: General Procedure
1,4-DMP was reacted with RFNA-24 across a temperature range 120°F to 190°F at
atmospheric pressure and under ambient air. A fuel lead was used for these experiments,
meaning the fuel was placed into the crucible and the oxidizer was dropped onto the fuel. A
constant oxidizer volume of 6µL was used and the volume of the fuel was adjusted to determine
the effects of the O/F ratio.

The laser was turned on and the power supplied heated combustor was adjusted to obtain
the desired temperature. Enough time was allowed to let the combustor reach a steady
temperature. The fuel was placed in the combustor at volumes from 6µL to 18µL. The DSO
was then set to trigger once the drop passed through the laser beam. The syringe pump was
activated and the DSO recorded the data once the drop was delivered. After every experiment,
the combustor was washed with a dilute sodium hydroxide solution to neutralize any remaining
reactants. The combustor was then allowed to return to the set temperature.

Since all signal data are stored electronically, the Wavestar software was used to measure
the times. Cursors could be placed at the desired points and the software would display the time
differential between the cursors. The DSO recorded precise data and the software allows the
user to zoom in on the figures to achieve pinpoint accuracy of the cursor placement. Every
measurement shown is the average value of five experiments conducted under identical
conditions. The standard deviations were taken and used as the error bars. The raw data for the
experiments can be found in Appendix B.
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Chapter 4: Results and Discussion
4.1: Temperature Effects on CDT
1,4-DMP was tested across a temperature range of 120°F to 190°F. The hypergolic
reactivity was slow and inconsistent at temperatures below 120°F. 1,4-DMP underwent thermal
instability at temperatures above 190°F, resulting in the temperature range used for
experimentation. Equation (1) shows that the temperature has an exponential relationship with
the CDT. The reactor temperature is recorded for every test, and measured CDT values can then
be used to generate a kinetic plot as shown in Figure 4.1. The natural logarithm of the CDT is
taken and plotted on the y axis. The CDT is rendered dimensionless in order to take the
logarithm. The x axis displays the inverse of the temperature in units of per Kelvin.

1

ln(CDT) (ms/ms)

0.5

0

-0.5

-1

-1.5
0.0027

0.0028

0.0029

1/T

0.003

(K-1)

Figure 4.1: Kinetic plot for 1,4-DMP vs RFNA-24 with an F/O of 2
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0.0031

Linear regression was used to generate a trend line for the data set, taking the form of
Equation (3). Equation (1) can be modified to take the same form as Equation (3) by taking the
natural log of both sides. Using this form of the equation and the trend line generated, the
activation energy was found using Equation (5) and Equation (6) was used to find the reaction
constant. With these kinetic parameters, a predictive model can be developed and compared to
the experimental data. The CDT’s of all the fuel and oxidizer combinations decreased
exponentially with respect to temperature as predicted. This analysis was performed for multiple
fuel and oxidizer systems, the raw data is shown from Table 4.1 to Table 4.4. The predictive
models derived from the corresponding data are shown from Figure 4.2 to Figure 4.5. The solid
lines in figures represent the predictive model and the dots refer to the experimental data with
one standard deviation of the data population represented in the error bars.

𝑦 =𝑚∙𝑥+𝑏

ln(𝐶𝐷𝑇) =

(3)

−𝐸𝑎 1
∙ + ln(𝐴)
𝑅 𝑇

(4)

𝐸𝑎 = −𝑚 ∙ 𝑅

(5)

𝐴 = 𝑒𝑏

(6)
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Table 4.1: Measured CDT values for 1,4-DMP with RFNA-24 at an F/O of 1

T(°F)

CDT
(ms)

Standard Deviation
(ms)

127
144
160
186

4.48
2.57
1.79
1.12

0.84
0.58
0.28
0.25

6

Measure Values
Predictive Model

5

CDT (ms)

4

3

2

1

0
120

140

160

180

T (°F)

Figure 4.2: Temperature profile for 1,4-DMP reacted with RFNA-24 at an F/O of 1
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Table 4.2: Measured CDT values for 1,4-DMP with RFNA-24 at an F/O of 2

T(°F)

CDT
(ms)

Standard Deviation
(ms)

127
144
160
186

2.24
0.996
0.584
0.313

0.433
0.311
0.154
0.066

3

Measure Values
Predictive Model

CDT (ms)

2

1

0
120

140

160

180

T (°F)

Figure 4.3: Temperature profile for 1,4-DMP reacted with RFNA-24 at an F/O of 2

38

200

Table 4.3: Measured CDT values for 1,4-DMP with RFNA-24 at an F/O of 3

T(°F)

CDT
(ms)

Standard Deviation
(ms)

127
144
160
186

3.28
1.21
0.89
0.518

0.603
0.244
0.269
0.261

4

Measure Values
Predictive Model

CDT (ms)

3

2

1

0
120

140

160

180

T (°F)

Figure 4.4: Temperature profile for 1,4-DMP reacted with RFNA-24 at an F/O of 3
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Table 4.4: Measured CDT values for 1,4-DMP RFNA-10 with F/O of 2

T(°F)

CDT
(ms)

Standard Deviation
(ms)

122
140
157
189

3.61
1.73
1.32
0.628

0.447
0.398
0.368
0.146

Measure Values
Predictive Model
4

CDT (ms)

3

2

1

0
120

140

160

180

T (°F)

Figure 4.5: Temperature profile for 1,4-DMP reacted with RFNA-10 at an F/O of 2
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4.2: Effect of Fuel to Oxidizer Ratio
For convenience, F/O is generally expressed in volumetric terms because volume was the
measurement used during experimentation. When considering chemical reactions, the molar
ratios must be considered. Table 4.5 shows that more RFNA-24 is present on a molar basis,
despite the inverse relation when F/O is in terms of volume.

Table 4.5: F/O ratio conversions for 1,4-DMP vs RFNA-24
F/O
(volumetric)

F/O
(mass)

1
2
3

0.570
1.141
1.711

F/O
(molar)
0.281
0.562
0.843

1,4-DMP was tested with RFNA-24 across from a volumetric F/O of 1 to 3. The CDT’s
of this range are displayed in the temperature profiles in Section 4.1: Figure 4.6 superimposes
the predictive models of the three charts. The highest CDT’s occur at an F/O of 1, which are
much slower than F/O’s of 2 and 3. This slower reaction suggests that a molar excess of oxidizer
was present and inhibited the reaction. The F/O of 3 has a higher CDT than for an F/O of 2,
suggesting an excess of fuel. The excess of fuel does not hinder the reaction as much as an
excess of oxidizer.
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Figure 4.6: Comparison of F/O ratios

Equation (1) indicates that the explosive hypergolic reaction is zeroth order, rendering it
independent of the F/O ratio. The variance of the CDT at different F/O ratios was a consequence
of inhibition in the LRT phase of the reaction and transport phenomena hindrance. The excess
oxidizer at an F/O of 1 slowed the rate of the exothermic reaction that occurred during the LRT,
which is further explained in Section 4.6: . This caused a slower rate of heat being transferred to
the gas phase products, resulting in a higher CDT. The excess fuel at an F/O of most likely
generated vortex rings as discussed in Section 1.3: which slowed the mass transfer rate of mixing
between bipropellant components.
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4.3: Effect of Dinitrogen Tetroxide Composition in the Oxidizer
The majority of this research was conducted with RFNA-24 that has between 12 and 24
mole percent initial NTO (RFNA-24). RFNA with a molar percentage between 5 and 10 was
also tested and will be designated as RFNA-10. RFNA-10 was tested with an F/O ratio of 2 and
the temperatures used were similar to those of RFNA-24. Figure 4.7 superimposes the
corresponding predictive models shown in Section 4.1 to present a direct comparison of the
different oxidizers. RFNA-10 was found to have slower CDT’s, suggesting that the lower initial
NTO which produces less NO2 participates in the reaction.

RFNA-10
RFNA-24
4

CDT (ms)

3

2

1

0
120

140

160

180

T (°F)

Figure 4.7: Comparison of CDT’s with different oxidizers at an F/O of 2
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A step in the hypergolic reaction is the oxidation of the fuel by nitrogen dioxide (NO2),
which is further discussed in Section 4.6: NO2 can be formed by the thermal degradation of both
nitric acid and NTO, with NTO degrading more rapidly. The significance of the initial NTO
concentration determined indicates that the fuel is oxidized by NO2, and that large portion of the
NO2 provided is a result of the thermal degradation of NTO.

4.4: Addition of Methanol
Methanol was added to 1,4-DMP to determine if its presence influenced CDTs. The
mixtures were tested at 160 °F and F/O of 1 with RFNA-24 as the oxidizer. Table 4.7 shows the
compiled data while Figure 4.8 shows graphically how the addition of methanol influences the
CDT values as a function of methanol concentration. The addition of methanol increased the
CDT at all compositions. At 20% methanol, an increase of 129% was measured. This higher
CDT could potentially be useful for certain applications. The benefit of lower cost and toxicity
of methanol could potentially outweigh the loss in performance.

Table 4.6: CDT comparisons of 1,4-DMP/Methanol mixtures to pure 1,4-DMP
Mole %
Methanol

CDT
(ms)

Standard Deviation
(ms)

Percent Increase From
Pure 1,4-DMP

0

0.584
2.18
1.34
2.63
4.92

0.154
0.617
0.369
0.547
0.821

N/A
273
129
350
742

10
20
30
40
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Figure 4.8: CDT measurements of 1,4-DMP and methanol mixtures

The addition of methanol to MMH has an opposite effect than 1,4-DMP. At 20 mole%
methanol, the CDT is decreased by 21% [12]. MMH has produces methyl nitrate (CH3NO3), a
highly explosive chemical, when reacted with nitric acid as shown in Reaction 1 [21]. Reaction
2 verifies that methanol will also produce methyl nitrate when reacted with nitric acid [22]. The
additional methyl nitrate formed contributes to the combustion of MMH.

𝐶𝐻6 𝑁2  + 𝐻𝑁𝑂3  → 𝐶𝐻3 𝑁𝑂3 + 𝑁2 𝐻4
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Reaction 1

𝐶𝐻3 OH + 𝐻𝑁𝑂3  → 𝐶𝐻3 𝑁𝑂3 + 𝐻2 𝑂

Reaction 2

Formation of the highly explosive methyl nitrate would still occur when methanol is
added to 1,4-DMP, which would eventually combust. Reaction 1 is endothermic, which reduces
the heat being supplied to the gas phase reactions. 1,4-DMP will inherently be more dependent
on the heat generated during the pre-ignition reactions than MMH as a result.

4.5: Reactivity of 2,6-Dimethylpiperazine
An Isomer of 1,4-DMP, 2,6-DMP was tested with RFNA-24 to determine if the
placement of the methyl groups on the ring structure influences hypergolic reactivity. The two
compounds are different physically. 2,6-DMP is a yellow solid at room temperature and has a
melting point of 226°F. The temperatures used had to be higher than those 1,4-DMP were tested
at in order to have a liquid fuel. The fuel was tested in a solid state and no flame was produced.
All results shown in Table 4.7 were acquired with 2,6-DMP as a liquid. Adding the fuel to the
combustor could not be accomplished using a syringe since 2,6-DMP is a solid at room
temperature. A quantity was weighed to get molar F/O ratios and placed into the combustor.
The fuel was then allowed to melt completely before dropping the oxidizer onto the sample.

The density and viscosity of liquid 2,6-DMP is highly sensitive with respect to
temperature. The high viscosity of 2,6-DMP at lower temperatures inhibited the convective
mixing of the oxidizer drop once the two components were contacted in the reactor. The contact
of the fuel and oxidizer is consequently a diffusion dominated process, greatly reducing the mass
transfer rate and ultimately the reaction rate. No hypergolic reaction was observed at
temperatures below 297°F for this reason. 2,6-DMP has a boiling point of 324°F, which made it
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impossible to perform experiments above this temperature. The highest temperature used in
experimentation was 310°F to prevent a high percentage of the fuel from evaporating before the
oxidizer is dropped on the combustor.
Table 4.7: CDT’s of 2,6-DMP with RFNA-24
T (°F)
297
310
310
310

F/O
(molar)
5.55
5.55
2.78
.555

CDT (ms)
80.0
58.6
50.6
71.4

Standard
Deviation (ms)
24.4
17.0
18.2
12.4

Table 4.7 shows that the minimum molar F/O ratio used at 297°F the resulted in a
hypergolic reaction was nearly twenty times the ratio achieved for 1,4-DMP. A large excess of
fuel was required as a result of the low viscosity and small pool size caused by the high density.
At 310 F, a molar F/O that is comparable to those used for 1,4-DMP, but it was the slowest CDT
measured at this temperature. A molar excess of fuel is required to optimize the hypergolic
reactivity, opposite of what was found for 1,4-DMP. The fuel excess required is likely a result of
the mass transfer limitations which still exist at the higher temperatures. The CDT’s measured
were orders of magnitude larger than for 1,4-DMP, rendering 2,6-DMP an unsuitable candidate
as a hypergolic fuel.

The difference between the two isomers is the location of the methyl groups. 2,6-DMP
contains two secondary amines, while 1,4-DMP has two tertiary amines. The secondary amines
of 2,6-DMP allow hydrogen bonding, resulting in the higher melting point. 2,6-DMP is more
basic than 1.4-DMP, which should make the compound more reactive with nitric acid. Even
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with the mass transfer limitations, the CDT would be more comparable to 1,4-DMP if this was
simply an acid-base reaction. The results indicate the hypergolic reaction is more complex than
an acid base reaction and is further explained in Section 4.6: .

4.6: Proposed Reaction Pathway
The hypergolic reaction mechanism of 1,4-DMP and RFNA-24 has yet to be studied in
previous works. Pre-ignition reaction steps have been determined for hydrazine derivatives [21]
[23] [24] and for other tertiary diamines such as N,N,N’,N’-tetramethylethylenediamine
(TMEDA) and N,N,N’,N’-tetramethylmethylenediamine (TMMDA) [19] [25]. These
compounds are similar to 1,4-DMP as they are tertiary diamines, the differences in the structures
of these fuels can be observed in Figure 4.9. TMEDA and TMMDA have two terminal methyl
groups bonded to each nitrogen and do not have the six-membered ring that 1,4-DMP has. The
pre-ignition reaction steps for 1,4-DMP in this section were proposed from a combination of
these works and analysis of the experimental data. These proposals are preliminary,
spectroscopy should be performed in future works to further verify the reaction products. The
pre-ignition reactions occur during in the liquid phase during the LRT. An explosive compound
will ultimately be produced and released into the vapor phase.

Figure 4.9: Structure of (a) TMMDA (b) TMEDA
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One possible initiation step of the reaction is the two amine groups on 1,4-DMP get
protonated by nitric acid as show in Reaction 3. The reaction will form a salt consisting of two
nitrate anions (NO3-) and dicationic 1,4-DMP (1,4-DMP2+). Liu et. al. conducted DFT
calculations on the reaction of nitric acid with tertiary diamines [19]. They calculated short N-H
bonds, meaning the proton was completely transferred to the nitrogen. 1,4-DMP acquires the
proton without releasing the terminal methyl group which prevents the formation of methyl
nitrate in the liquid phase. This concept was first introduced in Section 4.4: and justifies why
methanol slows the reaction of 1,4-DMP while it increases the rate for MMH.

1,4 − 𝐷𝑀𝑃 + 2𝐻𝑁𝑂3  → 1,4 − 𝐷𝑀𝑃2+ + N𝑂3− 

Reaction 3

The salt formation is exothermic and provides heat that further propagates the reaction.
This stage of the reaction will primarily occur during the LRT. The heat formed from the
reaction will vaporize the compounds and trigger the DSO to start the timer for measuring the
CDT. The protonation of 1,4-DMP is illustrated in Figure 4.10 and shows the structure of the
salt formed.

Figure 4.10: Protonation of 1,4-DMP by nitric acid
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When comparing TMEDA and TMMDA, the shorter distance between the two nitrogen
cations of TMMDA caused a larger electrostatic repulsion [19]. This made the reaction less
exothermic and resulted in a slower reaction. The six-membered ring of 1,4-DMP allows for
different conformations. The chair conformation shown in Figure 4.11 is most likely with
positively charged nitrogen [26], which maximizes the distance between the cations and gives a
more exothermic reaction. The heat generated from Reaction 3 must occur at an adequate rate to
achieve a fast CDT. The addition of methanol to the fuel will result in a competing endothermic
reaction and less available nitric acid. The excess of oxidizer at an F/O of 1 reduces the rate at
which Reaction 3 reacts during the LRT, explaining the much higher CDT at that combination.

Figure 4.11: Chair conformation of 1,4-DMP dication

The heat generated by the salt formation produces NO2 from the decomposition of nitric
acid and NTO are represented in Reaction 4 and Reaction 5 respectively. Reaction 5 exists in
equilibrium and NO2 is favored at higher temperatures. The rate of the NTO decomposition is
much faster than nitric acid, so a higher NTO concentration will result in more NO2. Nitrogen
dioxide can readily perform an H-abstraction reaction, making nitrous acid (HNO2) and a carbon
free radical on the 1,4-DMP dication. The nitrous acid produced will rapidly decompose under
these conditions, resulting in more NO2 [27].
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4𝐻𝑁𝑂3  → 4𝑁𝑂2 + 2𝐻2 𝑂 +  𝑂2

Reaction 4

𝑁2 𝑂4  ⇋ 2𝑁𝑂2

Reaction 5

2𝐻𝑁𝑂2  → 𝑁𝑂2 + 𝑁𝑂 +  𝐻2 𝑂

Reaction 6

The methyl groups bonded to the nitrogen atoms donate a proton most freely in the
proton-abstraction reaction [19] [25]. The C-H bonds on the terminal methyl groups are about
42kJ/mol weaker than the C-H bonds on the carbon chain for TMEDA and TMMDA [19], which
explains why 1,4-DMP is much more reactive than 2,6-DMP. The secondary amine of 2,6-DMP
is more basic and is more easily protonated by nitric acid, but the absence of a terminal methyl
group inhibits the oxidation by NO2. The proton-abstraction reaction can occur with either and
unreacted 1,4-DMP, or with the dication formed in Reaction 3. The oxidation of the dication and
the unreacted fuel are represented in Figure 4.12 and Figure 4.13 respectively.
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Figure 4.12: Proton-abstraction of 1,4-DMP2+

Figure 4.13: Proton-abstraction of 1,4-DMP
The nitrous acid produced will readily degrade into NO2, but it is also reactive with
tertiary amines [28]. The reaction of nitrous acid with 1,4-DMP is shown in Figure 4.14.
Methanol is produced in this reaction which was found to adversely affect the reaction when
added to the fuel. The formation of methyl nitrate from methanol discussed in Section 4.4: is an
endothermic reaction that offsets the heat produced from the salt formation reaction when
methanol is present in the liquid. Once adequate heat has been provided to the system, formation
of methyl nitrate from methanol in the gas phase yields a highly explosive compound.
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Figure 4.14: Reaction of 1,4-DMP and nitrous acid
Hypergolic reactions generate gas phase free radicals at elevated temperatures so a
precise reaction mechanism is hard to obtain. The formation of methyl nitrate at elevated
temperatures is a viable reaction scheme that forms a compound that explosively decomposes.
Other pathways exist including reactions of the methyl radical formed during the Protonabstraction which can produce compounds such as formaldehyde [19]. The formation of methyl
nitrate is of primary focus for this research as it provides a comparison to MMH.

4.7: Comparison to Hydrazine Derivatives
As previously discussed in Section 1.4: , 1,4-DMP is less toxic and less volatile than the
hydrazine derivatives. A study on comparison of the corrosiveness of these compounds has not
be accomplished, but preliminary observations indicate that 1,4-DMP is less corrosive. The
stainless-steel needles used in experimentation showed no sign of corrosion after extensive use
with 1,4-DMP. Testing was conducted with MMH and AH in experiments not related to this
research and the needles had to be replaced periodically due to corrosion.
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Figure 4.15: Temperature profiles of 1,4-DMP, AH and MMH

Dasarathy et. al., developed predictive models for AH and MMH using the same method
shown in Section 4.1: [4]. These predictive models were for an F/O of 2 and are plotted with
1,4-DMP at the same F/O in Figure 4.15. The CDT of 1,4-DMP is much higher at lower
temperatures, but is comparable to the hydrazines at temperatures above 180 °F. The slower
reactivity at lower temperatures is due in part to the activation energy. The higher energy
requirement is not supplied to the reactants adequately at lower temperatures. The activation
energy and reaction constant for 1,4-DMP and hydrazine derivatives are compared in Table 4.8.
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Table 4.8: Kinetic parameters for hypergolic fuels.
Fuel
1,4DMP
AH
MMH

Ea (kJ/mol)
-57.707
-16.30
-40.693

A (ms)
1.31 x 10-9
7.79 x 10-4
1.24 x 10-7

Both MMH and 1,4-DMP have been hypothesized to produce methyl nitrate as a reactive
intermediate before combustion occurs. MMH produces methyl nitrate once it is protonated with
by nitric acid in the liquid phase while 1,4-DMP requires a higher energy vapor phase reaction.
The differences in the pre-ignition reactions indicate that the reaction mechanisms that are
affected by different parameters, explaining why DMP does not adhere to the relationship of C/N
ratios determined for hydrazine derivatives.
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Chapter 5: Conclusion and Recommendations
Kinetic analyses were performed across a temperature range and verified that the CDT
correlates to the Arrhenius relationship as shown in Equation (1). A volumetric fuel to oxidizer
ratio of 2 was found to be ideal, yielding a CDT of 0.313ms at 186°F. This CDT is slower than
those for monomethyl hydrazine and anhydrous hydrazine, but fast enough to potentially be used
as a hypergolic fuel.

An oxidizer with a lower concentration of dinitrogen tetroxide was tested and determined
that the hypergolic reactivity is reduced. This indicates that nitrogen dioxide performs an
Proton-abstraction on the fuel which has been observed with other fuels [19] [23]. NTO more
readily degrades into NO2 than nitric acid, so the presence of NTO will increase the reaction rate
as determined through experimentation. 2,6-dimethylpiperazine was tested and found to be
exceptionally slower and not a practical hypergolic fuel. The Proton-abstraction preferably
reacts with methyl groups attached nitrogen, explaining the slow reactivity of 2,6dimethylpiperazine and providing more evidence of the Proton-abstraction reaction step.

Methanol was added to the fuel in an attempt to increase the reaction rate without any
success. Methanol was chosen because of previous success it had as an additive in MMH.
MMH reactivity is enhanced with a methanol additive due to the liquid phase formation of
methyl nitrate. 1,4-DMP forms methyl nitrate after adequate heat has been provided from salt
formation. Methanol is an intermediate in this reaction, but will inhibit the reaction if it is
present before sufficient heat is released.
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A reaction mechanism was proposed which explained why the parameters of the system
impacted the hypergolic reaction as they did. The reaction is initiated by an exothermic salt
formation. The resulting heating produced allows for an Proton-abstraction reaction on the
terminal methyl group. Methyl nitrate is then formed which degrades explosively. This is only
one possible pathway; other mechanisms are probable and should be investigated in future
works.

1,4-dimethylpiperazine shows promise as a hypergolic fuel candidate. The lower toxicity
and corrosiveness compared to hydrazine derivatives make it easier to store and reduce hazards
in the event of a spill. Further toxicology studies need to be performed on 1,4-DMP before its
implementation as a hypergolic fuel. The corrosiveness and how 1,4-DMP reacts with different
materials used in tanks and tubing should be investigated to determine the containers in which it
can safely be stored. The hazards of a hypergolic system can be reduced with 1,4-DMP as the
fuel; however, red fuming nitric acid is a highly toxic and corrosive compound. 1,4-DMP should
be tested with safer oxidizers in future works to find a safer fuel and oxidizer combination.
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Appendix A: Glossary
Table A.1: List of units
Symbol

Unit

Dimension

°C
°F
foot
inch
K
kJ
mL
mol
ms
s
µL
µm
µs

Celsius
Fahrenheit
Foot
Inch
Kelvin
kiloJoule
milliliter
mole
millisecond
second
microliter
micrometer
microsecond

Temperature
Temperature
Length
Length
Temperature
energy
Volume
mole
Time
Time
Volume
Length
Time

Table A.2: List of parameters
Parameter
A
b
C/N
CDT
e
Ea
F/O
IDT
Isp
ln
LRT
m
O/F
R
T
x
y

Meaning
Reaction Constant
x-intercept of a linear trend-line
Carbon to Nitrogen Atomic Ratio
Chemical Delay Time
Exponential (function)
Activation Energy
Fuel to Oxidizer Ratio
Ignition Delay Time
Specific Impulse
Natural Log (function)
Liquid Reaction Time
Slope of a linear trend-line
Oxidizer to Fuel Ratio
Gas Constant
Temperature
Independent Variable of a Data Set
Dependent Variable of a Data Set
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Table A.3: List of Acronyms
Acronym
1,4-DMP
2,6-DMP
AH
CDT

Meaning
1,4-dimethylpiperazine
2,6-dimethylpiperazine
Anhydrous Hydrazine
Chemical Delay Time
Dimethylpiperazine

DMP
DMP2+
DSO
GHS
IDT
IRFNA
LRT
MMH
MSDS
NFPA
NTO
OME
OSHA
PEL
PRCS
RFNA
RFNA-10
RFNA-24
UDMH

DMP with +2 charge
Digital Storage Oscilloscope
Globally Harmonized System of
Classification and Labeling
Ignition Delay Time
Inhibited Red Fuming Nitric Acid
Liquid Reaction Time
Monomethylhydrazine
Material Safety Data Sheet
National Fire Protection
Association
Nitrogen Tetroxide
Orbital Maneuvering Engine
Occupational Safety and Health
Administration
Permissible 8-Hour Exposure
Limits
Primary Reaction Control System
Red Fuming Nitric Acid
(Usually refers to RFNA-24)
RFNA with 5% - 10% N2O4
RFNA with 5% - 10% N2O4
Unsymmetrical Dimethylhydrazine
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Appendix B: Raw Data
Table B.1: Raw data for 1,4-DMP vs RFNA-24 with an O/F of 1

T (°F)

CDT1
(ms)

CDT2
(ms)

CDT3
(ms)

CDT4
(ms)

CDT5
(ms)

Average
CDT (ms)

Standard
Deviation
(ms)

127
144
160
186

5.18
2.13
1.43
1.45

4.74
3.46
1.72
0.782

5.41
1.97
1.63
0.918

3.94
3.04
2.27
1.13

3.13
2.25
1.90
1.32

4.48
2.57
1.79
1.12

0.84
0.58
0.28
0.25

Table B.2: Raw data for 1,4-DMP vs RFNA-24 with an O/F of 2

T (°F)
127
144
160
186

CDT1
(ms)
2.21
1.11
0.791
0.231

CDT2
(ms)
2.76
1.52
0.624
0.357

CDT3
(ms)
1.92
0.638
0.316
0.286

CDT4
(ms)
1.63
0.735
0.568
0.418

CDT5
(ms)
2.68
0.977
0.621
0.273

Average
CDT (ms)
2.24
0.996
0.584
0.313

Standard
Deviation
(ms)
0.43
0.31
0.15
0.07

Table B.3: Raw data for 1,4-DMP vs RFNA-24 with an O/F of 3

T (°F)

CDT1
(ms)

CDT2
(ms)

CDT3
(ms)

CDT4
(ms)

CDT5
(ms)

Average
CDT (ms)

Standard
Deviation
(ms)

127
144
160
186

4.41
1.66
0.613
0.912

2.64
0.97
0.547
0.428

2.93
1.25
1.26
0.724

3.18
1.13
1.03
0.218

3.24
1.04
1.00
0.308

3.28
1.21
0.89
0.518

0.60
0.24
0.27
0.26
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Table B.4: Raw data for 1,4-DMP vs RFNA-10 with an O/F of 2

T (°F)

CDT1
(ms)

CDT2
(ms)

CDT3
(ms)

CDT4
(ms)

CDT5
(ms)

Average
CDT (ms)

Standard
Deviation
(ms)

122
140
157
189

4.33
1.21
1.41
0.779

3.12
1.65
1.98
0.813

3.33
2.14
1.03
0.445

3.92
2.23
1.24
0.503

3.35
1.42
0.94
0.600

3.61
1.73
1.32
0.628

0.45
0.40
0.37
0.15

Table B.5: Raw data for 1,4-DMP mixed with methanol
Mole %
Methanol
10
20
30
40

CDT1
(ms)

CDT2
(ms)

CDT3
(ms)

CDT4
(ms)

CDT5
(ms)

Average
CDT (ms)

Standard
Deviation
(ms)

3.21
1.12
2.94
6.24

1.46
1.06
3.48
4.08

2.47
1.83
1.97
4.62

2.05
1.74
2.14
5.47

1.71
0.950
2.62
4.19

2.18
1.34
2.63
4.92

0.62
0.37
0.55
0.82

Table B.6: Raw data for 2,6-DMP

T (°F)
297
310
310
310

F/O
(molar)
5.55
5.55
2.78
.555

CDT1
(ms)

CDT2
(ms)

CDT3
(ms)

CDT4
(ms)

CDT5
(ms)

Average
CDT (ms)

Standard
Deviation
(ms)

47.1
53.7
39.4
57.8

73.8
35.4
43.9
92.1

112
71.2
67.3
78.4

103
65.8
55.8
66.1

63.4
66.9
46.7
62.6

80.0
58.6
50.6
71.4

24.4
13.0
9.9
12.4
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